Distal femoral extension osteotomy MTL Muscle tendon length PTA Patellar tendon advancement AIM Flexed knee gait can be treated with distal femoral extension osteotomy (DFEO) and additional patellar tendon advancement (PTA) in children with cerebral palsy (CP). This study assesses changes in hamstring muscle tendon length (MTL) and velocity after DFEO (+PTA).
INTERPRETATION DFEO led to a significant improvement in knee kinematics at E1 which was maintained at E2. DFEO seems to prevent recurrent hamstring tightness but does not lead to lengthened or fastened hamstrings.
Flexed knee gait is a common gait deformity in children with bilateral cerebral palsy (CP). Known causes of flexed knee gait are: shortening of the hamstrings, increased external tibial torsion, instability of the foot, and quadriceps weakness. 1, 2 Early treatment of flexed knee gait is essential to prevent further increasing knee flexion, increasing hip flexion, and increasing ankle dorsiflexion. 3 Patella alta and elongation of the patellar tendon may develop and deteriorate the flexed knee gait.
Hamstring lengthening is one of the standard procedures to treat flexed knee gait. 4, 5 Satisfying short-term results were complemented with reports of increased pelvic tilt and genu recurvatum as signs of overcorrection. 1, 4, 5 Inconsistent long-term outcomes 1, 6, 7 include reports of significant deterioration in all relevant parameters. 1 Musculoskeletal analysis revealed that only one-third of the hamstrings in children with flexed knee gait are short and slow. 8, 9 Furthermore, recurrent hamstring tightness during growth is one reason considered for the recurrence of flexed knee gait. 1 Because of the unsatisfactory long-term results after hamstring lengthening, with a significant decrease in knee extension over time and increase of anterior pelvic tilt, this surgical procedure was displaced by the distal femoral extension osteotomy (DFEO) in many centres for ambulatory children with CP. The reported short-term results concerning knee flexion are encouraging. [10] [11] [12] [13] [14] DFEO is often combined with additional patellar tendon advancement (PTA) to correct concomitant patella alta. Stout et al. 10 detected an advantage of DFEO+PTA over the isolated procedures. While DFEO restores the static knee flexion contracture, PTA reduces the dynamic quadriceps insufficiency. The first long-term study analysing the outcome 13 years after this combined procedure was published recently 15 and reported improvements in stance phase knee kinematics at long-term compared to preoperatively.
Healy et al. 16 demonstrated that a combination of DFEO+PTA led to longer and faster hamstrings in the short-term follow-up, without additional hamstring lengthening. If hamstrings are longer and can elongate faster during walking, they may contribute to more knee extension in stance phase.
Our main hypothesis is that muscle tendon length (MTL) and velocity of the hamstrings will increase after DFEO with or without additional PTA, and the changes will be maintained in the mid-term follow-up.
We further analyse the difference in gait kinematics and muscle behaviour between performing isolated DFEO and DFEO with additional PTA.
METHOD
The study was approved by the local ethics committee Ethikkommission Heidelberg (S-017/2016), which granted waiver of informed consent.
Nineteen children with bilateral spastic CP and flexed knee gait, who were treated with unilateral or bilateral DFEO in the context of single event multi-level surgery between 2004 and 2014 during childhood (mean 13y [standard deviation 3y] at surgery), were retrospectively selected from our gait laboratory database.
Indications for a DFEO were: a fixed knee flexion contracture of at least 5 degrees, a popliteal angle of at least 30 degrees, and a minimum knee flexion during stance in gait analysis of more than one standard deviation of an aged matched control group (>8°).
Inclusion criteria were the availability of gait analysis data at two different time points: less than 12 months preoperatively (E0) and 10 to 23 months (mean 13mo [SD 3mo]) postoperatively (E1). Exclusion criteria were additional hamstring lengthening and/or any botulinum neurotoxin A (BoNT-A) injections in the lower limbs.
Twenty-five limbs of these 19 children received DFEO and were used for further analysis.
Ten limbs had an additional PTA and are classified as the 'DFEO+PTA' group. Fifteen limbs did not receive an additional PTA and were classified as the 'DFEO' group.
Additionally, a third gait analysis at mid-term (E2, 24-60mo postoperatively) was available for 10 of these limbs (eight children; mean 12y [SD 4y] at the time of surgery). Four of these limbs had an additional PTA.
Concomitant procedures performed during single event multi-level surgery are listed in Table I .
Data analysis
Three-dimensional gait analysis was performed using a 12-camera Vicon system (Oxford Metrics, Oxford, UK) and three force plates (Kistler Instruments, Winterthur, Switzerland). The marker-set of Kadaba et al. 17 was used and kinematic parameters were determined by the Plug-inGait model.
Using Matlab (MathWorks Inc., Natick, MA, USA), the data were exported to OpenSim 3.3 (NCSRR, Stanford, CA, USA). The generic musculoskeletal model Gait2392 (a three-dimensional model with 23 degrees of freedom) was applied to simulate the walking trials. Each participant was scaled individually according to its static trial with marker errors less than 3cm between each corresponding real marker and virtual marker. For every individual model, the inverse kinematics tool and the analyse tool (for muscle analysis) were run respectively. The Thelen2003Muscle model was selected for all muscle calculations. 18 The data of the semimembranosus, semitendinosus, and long head of the biceps femoris muscles of each gait cycle were exported to Matlab for further operations. All data were normalized to one gait cycle. Considering the effect of growth, MTL (m) was normalized by leg length (L0). The maximum peaks of MTL and velocity (m/s) were extracted from the normalized data.
Additional kinematic parameters associated with flexed knee gait were assessed at all examination dates: mean, minimum, and maximum knee flexion during stance, mean and maximum knee flexion in swing, mean pelvic tilt in stance, and minimum hip flexion in stance.
Walking speed as a confounding factor of MTL and muscle tendon velocity 19 was additionally assessed at all examination dates. Walking velocity was calculated nondimensionally as suggested by Agarwal-Harding et al.:
9 non-dimensional walking velocity is the walking velocity divided by the square root of the gravitational acceleration (g) multiplied with the square root of the leg length. Leg length was assessed for every limb at each examination date.
Further, the popliteal angle with and without contralateral Thomas test, as well as the maximum and minimum passive knee flexion, were assessed at all examination dates.
Statistical analysis
For each patient at each examination date, the average data of at least three gait cycles were used for statistical analysis.
Normal distribution of all parameters was confirmed by both the Shapiro-Wilk test and normal distribution plots.
First, a comparison of pre-and postoperative data for all limbs and a subgroup analysis for the limbs with and without additional PTA were performed. A two-tailed mixed linear model with limb as repeated factor was used for statistical analysis. This test obtains independency of What this paper adds
• Distal femoral extension osteotomy (DFEO) does not change hamstring muscle tendon length.
• DFEO does not change hamstring lengthening velocity.
• DFEO leads to a significant improvement in knee kinematics.
• Changes in knee kinematics after DFEO can be maintained at mid-term.
• DFEO seems to prevent recurrent hamstring tightness.
observation of both limbs. Non-dimensional walking speed was added as a covariate for the analysis of MTL and velocity. Second, a separate analysis was performed on the 10 limbs with available mid-term data. Again, a two-tailed mixed linear model with limb as repeated factor was used for statistical analysis. Non-dimensional walking speed was added as a covariate for the analysis of MTL and velocity. A univariate test was performed to identify significant differences between the three time points (E0, E1, E2). If the results showed significant differences, posthoc analysis with a Bonferroni correction was performed for the different time points. The significance level was set at p<0.05.
RESULTS

Short-term results
Neither maximum MTL nor peak velocity of the hamstring (semitendinosus, semimembranosus, biceps femoris muscles) changed significantly from pre-to postoperative (Table II) . The measured maximum MTL, peak hamstring lengthening velocity, popliteal angle (with and without contralateral Thomas test), maximum passive knee extension and flexion, and kinematic data at E0 and E1 are presented in Table II. The non-dimensional walking speed did not change significantly between the examination dates (p=0.330; E0: 0.267, E1: 0.243, standard error: 0.017).
Mid-term results
The non-dimensional walking speed did not differ significantly between the different time points (p=0.614; E0: 0.273, E1: 0.241, E2: 0.264, standard error: 0.024).
Both hamstring MTL and velocity (semitendinosus, semimembranosus, biceps femoris muscles) did not change significantly between the time points. Posthoc tests were not performed (Table III) .
Postoperative kinematic results were maintained at midterm and mean, minimum, and maximum knee flexion in stance, and mean and maximum knee flexion in swing were significantly decreased (p<0.037) at E2 compared to E0. Popliteal angle, mean pelvic tilt in stance, and minimum hip flexion in stance did not change significantly between time points (Table III) .
DISCUSSION
In this study we assessed changes in the MTL and lengthening velocity of the hamstring short-and mid-term after DFEO without additional hamstring lengthening using a musculoskeletal model.
Short-term outcome
Hamstring length and hamstring lengthening velocity did not change significantly after DFEO with or without additional PTA from pre-to postoperative.
The results of the only other existing study 16 analysing hamstring length and velocity before and after DFEO are not in agreement with our results. Healy et al. 16 analysed hamstring length and lengthening velocity 7 to 36 months after DFEO+PTA surgery in 51 limbs and measured, in contrast to this study, longer and faster hamstrings postoperatively. About 50% of the children included in the cited study 16 had additional BoNT-A injections in the hamstrings during surgery. It should be noted that we excluded any participant with BoNT-A injections for this study. The BoNT-A injection might well explain the faster hamstrings. BoNT-A has the potential to modify the threshold of the stretch reflex occurring because of spasticity and decrease the excitability of the monosynaptic reflex arc. A previous study detected an increase of muscle lengthening velocity 1 month after BoNT-A injections in the rectus femoris muscle. 20 An increased hamstring lengthening velocity enables the hamstrings to elongate faster during walking and subsequently contribute to more knee extension (meaning less knee flexion) in stance phase.
Additionally, we included fewer limbs in the study and a statistical significant effect might have been masked by the smaller sample size.
To the best of our knowledge, hamstring length were not normalized to leg length in the study by Healy et al. 16 We measured a significant increase in leg length even in this limited postoperative period which influences the results. In our study, non-normalized hamstring length also increased from pre-to postoperative. By normalizing the hamstring length to leg length, the significant change disappeared.
Van der Krogt et al. 19 detected that hamstring length and lengthening velocity are dependent of the walking speed. An increased walking speed leads to increased hamstring length and lengthening velocity. In contrast to Healy et al., 16 we included walking speed as a covariate in our statistical analyses to exclude this confounding factor. However, walking speed did not change significantly over the course of the study and therefore seems to be less important.
Furthermore, our short-term outcome was measured 10 to 23 months postoperatively. Healy et al. 16 included postoperative gait analyses between 7 and 36 months postoperatively. Our mid-term data suggest a slight increase of MTL over the time period. A longer postoperative period might lead to different results.
Healy et al. 16 suggested that the long-sit position in the direct postoperative period might have contributed to the postoperative changes, as stretching induces muscle growth. Comparing both studies, we assume that growth and BoNT-A injections have contributed more relevantly to the postoperative changes.
In the DFEO group, mean and minimum knee flexion in stance, and the passive knee extension lag decreased significantly. A trend of decrease in mean knee flexion was observed during swing phase and in the popliteal angle.
In the DFEO+PTA group, the popliteal angle, the passive knee extension lag, and knee flexion in stance and swing phase decreased significantly. These results are in line with a previous study. 10 Evaluating all children, a significant decrease in maximum passive knee flexion and maximum knee flexion in swing was observed as a negative side effect. The gain in passive and dynamic knee extension was accompanied by a loss in passive and dynamic knee flexion. The lack of change in hamstring MTL and velocity induces a shift in knee range of motion towards knee extension, but not an increase in knee range of motion. The additional PTA seems to increase this effect and is in line with a previously published randomized controlled trial which analysed the effect of PTA in the context of single event multi-level surgery. 21 An additional rectus femoris transfer or rectus femoris resection might be needed to maintain knee flexion in swing.
Mean pelvic tilt and minimum hip flexion did not change for both groups. The maintained pelvic tilt is different from previous literature 10, 14 and might be statistically effective because of the small numbers of patients.
Mid-term outcome
To our knowledge, this is the first study evaluating hamstring length and hamstring lengthening velocity in a midterm postoperative period after DFEO.
Neither hamstring length nor hamstring lengthening velocity changed significantly over time, but there was a suggested increase from E1 to E2. A significant effect might be masked by the small number of patients included in mid-term data.
None of the assessed kinematic parameters changed significantly from E1 to E2 and the postoperatively gained correction was maintained. A recently published study by Boyer et al. 15 also showed a significant improvement in minimum knee flexion during stance from preoperatively to 8 years postoperatively, although there was a significant decrease in knee extension from directly postoperatively to long-term.
The alternative treatment for crouch gait is hamstring lengthening. The long-term results after hamstring lengthening are less promising. Rodda et al. 7 reported a maintained outcome and included 10 patients. Ounpuu et al. 6 reported a decrease in peak knee flexion over time after a combination of hamstring lengthening, rectus femoris transfer, and gastrocnemius lengthening in 22 patients. Dreher et al. 1 reported a significant deterioration in all relevant parameters in 39 patients. Recurrent hamstring tightness is supposed to be a reason for the unintended long-term development. 1, 6 The bony correction with the DFEO seems to counteract this recurrent hamstring tightness.
In the literature, the natural progression of knee function is described as an increase of the knee flexion in children with CP who do not receive surgery. 22, 23 An improvement in knee kinematics at mid-term compared to the preoperative situation and maintained hamstring length and lengthening velocities are subsequently superior to not performing surgery and to the alternative surgical procedure (hamstring lengthening).
Limitations DFEO was performed in the context of single event multilevel surgery. Although the DFEO presents the leading procedure for correcting flexed knee gait, the reported outcome of the present study may be influenced by concomitant procedures.
The musculoskeletal modelling was not performed based on individual magnetic resonance imaging. Nearly all limbs had an additional femoral derotation osteotomy. Altered femoral anteversion might lead to an inaccuracy of the musculoskeletal model.
Beside abnormally short and slow hamstrings, other factors such as increased external tibial torsion, instability of the foot, and quadriceps weakness contribute to excessive knee flexion. 1, 2, 24 Improvements in the postoperative gait pattern may not only depend on changes in the femur axis and hamstring length and velocity, but also on changes in other contributing factors.
Further studies with a longer follow-up and an increased number of patients are needed to confirm these promising results. Moreover, the difference between performing an isolated DFEO and a combined DFEO+PTA needs to be analysed in the long-term follow-up.
CONCLUSION
Distal femoral extension osteotomies lead to a significant improvement in knee kinematics, maintained at mid-term follow-up. Distal femoral extension osteotomies seem to prevent recurrent hamstring tightness but do not lead to lengthened or fastened hamstrings.
